INTRODUCTION
Systematic, ecological and evolutionary studies of organic diversity have relied heavily on morphological information in the past, and continue to trust in it nowadays. That explains why shape variation among members of a group of related organisms has been so extensively explored (e.g. Foote, 1994 Foote, , 1997 Eble, 2000) . Shape resemblance between organisms, and we refer here to ostracodes in particular, is expected to reflect the degree of relatedness (genetic similarity), the existence of similar evolutionary responses to comparable selective pressures or the by-product of environmentally cued physiological/developmental processes (Benson, 1981) . But despite the promising they appear, attempts to investigate morphological relationships are frequently confronted in many cases with two main problems when analyzing shape differences between organisms: (1) how to properly measure 'shape' in a reasonable and operational way, and (2) how to relate shape changes to causal cues, like phylogenetic, developmental or environmental factors. We will here concentrate on the first feature, one that can be approached with morphometric tools within the context of biological analyses. Solving the second problem requires careful experimental design and the selection of appropriate observational data.
Concerning the development of methods for shape analysis, the contribution of ostracodologists is remarkable. Kaesler and Waters (1972) is one of the first examples of the use of Fourier analysis in morphometrics. Eigenshape analysis, a procedure developed by Lohmann (1983) , has been applied to ostracodes too (Schweitzer et al., 1986; Maness and Kaesler, 1987; Majoran, 1990; Schweitzer and Lohmann, 1990; Lohmann and Schweitzer, 1990 ). The late R. H. Benson added significant improvements to Procrustean analysis (Benson, 1976a (Benson, , 1982a Siegel and Benson, 1982) and morphometric analyses of marine ostracodes have been performed using landmark-based methods (Abe et al., 1988; Reyment and Bookstein, 1993; Reyment and Abe, 1994;  cf. also Danielopol et al., 2002 for a more comprehensive review).
Applied studies of the influence of environmental factors in changes of carapace shape are also present in the ostracode literature (see Kaesler and Lohmann, 1976; Foster and Kaesler, 1983; Reyment et al., 1988 as examples with a morphometric approach). But despite the seemingly ubiquity of the morphometric approach in ostracode research barely no ostracodologist would dare to infer environmental changes based on shape changes observed in ostracode valves. To establish such a tight correlation needs an amount of evidence far beyond our current wisdom. So the aim here is neither to demonstrate that environment affects morphology nor to provide a guide of the effects of the former in the latter, but to present methods that might help to fill that gap of our knowledge and to call attention of ostracodologists towards morphometric approaches that must be incorporated into standard working procedures. Secondarily, we also aim to illustrate how this morphometric approach might provide useful insights into the relationships between the shape of ostracodes and environmental variability, including those cued by anthropogenic contamination of natural ecosystems. In order to do that we shall present selected procedures and case studies that have been worked out for nonmarine ostracodes but which are valid for many other kinds of organisms. One should note that this presentation does not attempt to be an exhaustive review of the topic but just an exemplification of a very promising research direction for both ecological and paleoecological projects.
METHODS FOR OSTRACODE SHAPE MEASUREMENT
Methodologies oriented to the quantitative analysis of biological shape have a long history in evolutionary studies (review in Bookstein, 1991) . Traditional methods based on the statistical analysis of morphological variables (distances, ratios and angles) have been superceded in the last few decades by the emergence of the so-called geometric morphometrics (Rohlf, 1990a; Bookstein, 1991 Bookstein, , 1996 Rohlf and Marcus, 1993) . Geometric morphometrics focus on shapes as entire configurations of points corresponding to the locations of morphological landmarks or outline coordinates. A plethora of methods exist in the realm of geometric morphometrics, many of them already applied to ostracodes (cf. Danielopol et al., 2002) .
As compared to most marine ostracodes, nonmarine species are poorly ornamented and have only a small number of biologically meaningful landmarks on their valves. The diversity of outlines in the case of nonmarine ostracodes can be significant, as one can notice in the case of many Cypridocopina groups (e.g., the Candoninae, Fig. 1 ). Because of this, outline analysis has been recommended as the most adequate procedure for attempting shape comparisons within the group of nonmarine ostracodes .
Many different methods for outline analysis exist but they are all based on a similar approach: first, a function is fitted to the coordinates describing the outline of an object; then, function parameters are used as shape variables. We will exemplify here three approaches for shape analysis, namely B-splines, Elliptic Fourier Analysis and a Generalized (Resistant Fit) Procrustes Analysis. The method of B-splines, although applied in engineering and computing design (Hill, 1990) , is used herein for the first time in ostracode morphometrics. As compared with other morphometric algorithms used for outline analysis (e.g. the Elliptic Fourier or the Eigenshape methods) B-splines method has several interesting properties: (1) it uses a reduced number of parameters for the mathematical reconstruction of form; (2) one can well identify the segments of the outline described by the B-spline functions; and (3) the computation is not excessively long for the solution here proposed (see next section). Accordingly, we consider it deserves a detailed description. Elliptic Fourier Analysis, on the other hand, will be only sketched briefly as it is but one option within the family of Fourier procedures that has been previously applied and described for the morphometric analysis of ostracode valves (Baltanás and Geiger, 1998; Baltanás et al., 2002) . Despite its several merits, Elliptic Fourier Analysis can hardly identify which areas along an outline differ more markedly when two shapes are compared but it simply reflects the magnitude of the difference between them. So we have coupled a generalized orthogonal resistant-fit analysis to the outline.
B-splines for an approximative description of ostracode outlines.-Approximation by B-splines (the B derived from the word Basis) is a wellestablished method in computer aided geometric design (Hoschek and Lasser, 1993) which allows to describe virtually any curve by a few "control points" up to a certain tolerance. Thus it also provides a possibility to characterize the outline of an ostracode by a relatively small number of parameters, namely the coordinates of the control points. In addition, the positions of the B-spline control points are very intuitively related to the shape of the curve. For instance, in the case of quadratic B-splines connecting the control points successively by straight lines yields a polygon with each side touching the curve.
If B-splines approximation is applied in a straightforward way to ostracode outlines, it may happen that two very similar outlines lead to rather different control points. This is the case for instance with the two (artificial) elliptic outlines of the Figure 2 . One should note that this phenomenon is due to the fact that moving the control points simultaneously in a suitable way around a closed curve may have only little influence on the shape of the curve. To avoid this problem, we cut the outline in two and approximate each piece separately under the condition that the resulting curves fit together. As a natural cutting line we take one of the main axes of inertia (i.e. the one corresponding to the minimum moment of inertia, cf. Fig. 3 , m1 -m2). Of course, this makes sense only if the ellipse of inertia is significantly different from a circle, which is usually the case with ostracode outlines.
To allow the comparison of outlines of different ostracodes, the data are translated such that the centroid comes to lie in the origin, and rotated such that the above mentioned axis of inertia coincides with the x-axis of the coordinate system. If the shapes of ostracodes are to be compared regardless of their size, the data have to be normalized by a suitable scaling factor. We did this in a way such that the first and the last of the control points of each curve (i.e. m1, m2, Fig. 3 ) get the coordinates (-1,0) and (1,0). Optionally, the scaling factor can be overdetermined such that the area of the outline gets the value one. It is this alternative that we use for the examples we present next. The vectors between the control points of the superimposed forms reflects the degree of disparity between them and overall shape similarity can be measured as the quadratic mean of the (Euclidean) distances between corresponding sets of control points. Shape relationships between objects can be further explored through multivariate analyses (cluster analysis, ordination techniques, etc.) performed on the pairwise distance matrix.
Approximation of ostracodes outlines using the B-splines method can be processed with the computer program "Morphomatica" (Brauneis, 2003) , which is here briefly presented (see Appendix).
Mathematical details concerning the B-splines.
We use open B-splines which are defined as plane parametric curves in the following way:
Here are the control points, and are piecewise polynomial functions of degree k which depend on a knot vector (s 0 , s 1 , K, s n+k+1 ). As usual, we take s 0 = K = s k =0, and s n+1 = K = s n+k+1 = 1, and The are then defined by the following recursion:
and (for r = 1, K, k) with 0/0 being set equal to zero.
An outline is given by a sequence of points p i, k,p m . To approximate this by a B-spline we first have to choose the number n of control points, the degree k of the polynomials (usually k = 2 or 3) and the parameter values corresponding to the points p i (see below for a short discussion of this). Then we consider the equations for i = 1, K, m in the unknown control points . In general, this is an overdetermined system, which is solved in the sense of least squares by singular value decomposition of the system matrix (Deuflhard and Hohmann, 1995) . More precisely, we have to consider two such systems of equations, since we have cut the outline in two. If we denote the control points of the "upper" and "lower" curve by and , respectively, the two systems are connected by the conditions
It would have been possible to impose further conditions in order to obtain two curves smoothly fitting together, but for the purposes discussed here this did not seem to be necessary. There remains the problem of choosing the parameter values t i appropriately. As a first guess, we take t i to be proportional to the length of the polygonal line defined by the first i points p1, K, p i . If the result is not satisfying, the values can be improved by projecting the points orthogonally onto tangents of the obtained curve (Hoschek and Lasser, 1993) . If necessary, this process may be iterated.
Comparative characterization of valve outlines using the B-splines algorithm in the computer program Morphomatica. The following example of morphological variety of valve outlines ( Fig. 1) is extracted from Rogulj et al. (1993) . These authors compared several species of Candoninae living either in surface freshwater or groundwater habitats in order to characterize their morphological adaptive traits. Fabaeformiscandona hyalina (Brady and Robertson) is a benthic species of large size producing a high number of ovocytes. F. wegelini (Petkovski) lives mainly in groundwater habitats closely located to the bottom of running water systems; its carapace size and fecundity is much reduced as compared to F.
hyalina. The two Cryptocandona species, C. kieferi (Klie) and C. vavrai Kaufmann, here figured, occur commonly in groundwater and display medium size valves and a rather high number of ovocytes as compared to other exclusively dwelling groundwater subterranean ostracode species like Mixtacandona laisi (Klie), M. spandli Rogulj and Danielopol and M. lattingerae Rogulj and Danielopol, here figured. The data were obtained from scanned images that were further digitized using the Tpsdig software (Rohlf, 2001) . The form of the original outlines were approximated using the B-splines method with "Morphomatica" which displays the position of the control points and records the mean and maximum error values of the computed form as compared to the original outline (Fig. 4) . We compared series of valve outlines by superimposing them on a chosen reference valve and standardizing them for size (Fig. 4) . For the normalized forms "Morphomatica" calculates the Euclidean distance (delta vectors-δ between corresponding control points and displays their size and position. Additionally, the sum of the delta vectors (∑δ) is also calculated. The possibility to locate, visualize and quantify the carapace outline FIGURE 3-Cryptocandona kieferi (Klie), female, left valve, the digitised outline to which was fitted the form calculated by the B-spline procedure; m1, m2, d1-d7, v1-v7, control points; square-position of the control point.
areas where local deformation is higher offers the opportunity to speculate on the processes that lead to valve deformation. While in the Cryptocandona case ( Fig. 4 .1) we presume the existence of non-adaptive morphological changes, in the case of the Mixtacandona species (Fig. 4 .2) we noticed an important change toward a triangular transformation of the carapace which has presumably an adaptive meaning.
Shape similarities between organisms were estimated as the average of the squared quadratic distances (δ 2 ) between the n control points of each outline,
. The set of pairwise distances can be used for measuring morphological disparity within the group through the application of any of the multiple dispersion indices available (see below for some examples). Additionally, shape relationships among items in the group can be visualized using several multivariate techniques. We here used multidimensional scaling (MDS, PROXSCAL procedure, SPSS v. 11.5), an iterative procedure constructing a map by successively refining the position of points until they satisfy, as closely as possible, the (dis)similarity relationships (in our case, the D values) between them.
The result of performing an MDS on the distance matrix computed for outlines of seven Candoninae species (Fig. 1 ) is displayed in Figure  5 .1. This configuration illustrates how the method allows for a description of patterns in morphospace occupation which do not necessarily match with taxonomic relationships. After extending the previous data-set by adding five Cryptocandona vavrai outlines belonging to a population from Suncuius (Romania), a new pairwise distance matrix and a MDS were performed ( Fig. 5.2 ). This latter plot shows shape congruence for C. vavrai valves from the same locality as compared to other localities and species. It also highlights the empirical nature of morphospaces constructed in this way; shape relationships among objects in the group are not fixed but depend on the number and kind of items included.
Morphological disparity; i.e. the degree of morphospace occupation, can be further quantified. We use here the mean pairwise distance but many other options exist (see Ciampaglio et al., 2001) . Mean pairwise distance is defined as the sum of the Euclidean distances between all possible pairwise combinations divided by the total number of combinations (Ciampaglio et al., 2001 ). In the example here illustrated morphological disparity decreases (from 30.62 to 24.65) with the addition of the five C. vavrai outlines from Romania. This is an expected result given that no 'new' shapes are added to the group.
Elliptic Fourier Analysis (EFA).-It is a function-fitting procedure that has been shown to produce reasonable results with biological shapes in general (Kuhl and Giardina, 1982; Rohlf and Archie, 1984; Lestrel, 1997; McLellan and Endler, 1998) , and with ostracode outlines in particular (Baltanás & Geiger, 1998; Alcorlo et al., 1999; Baltanás et al., 2000; Baltanás et al., 2002) . Fourier analysis decomposes a closed curve (outline) into separate components of a given frequency called harmonics. Harmonic coefficients are but shape descriptors that can be compared and employed to classify shapes using standard multivariate techniques (e.g., Rohlf and Archie, 1984) .
In the following case studies Elliptic Fourier coefficients were mathematically normalized to be invariant to size so that emphasis is made on shape comparisons rather than on size comparisons since size is a phenotypic trait known to be severely influenced by environmental factors. Goodness of fit between original and reconstructed outlines was estimated as the mean distance between each point of the reconstructed image and the closest point in the original outline (McLellan and Endler, 1998) .
Because nonmarine ostracode outlines are very simple, few harmonics are enough to properly summarize their shape. Indeed, error of fit decreases dramatically for increasing number of harmonics up to five and then stabilizes (Fig. 6 ). McLellan and Endler (1998) found a similar pattern but because they analyzed outlines of leaves, which are more complex in shape than ostracodes, the error of fit reach an asymptote at about twenty harmonics. We here adopt a conservative strategy and used twenty harmonics that yield 77 nontrivial normalized coefficients for each valve.
In case studies 1 and 2 original outlines were obtained from actual valves using an image analysis system working on a microscope. No less than thousand points were automatically digitized for each outline.
Procrustes analysis.-The lack of landmarks seems to preclude the application of Procrustes analysis to nonmarine ostracodes as this method proceeds by aligning two objects using translations, rotations and size changes, so that distances measured between homologous landmarks reflect how different they are. However, there have been recent proposals in which landmark-based and outline techniques are used in combination (Bookstein, 1997; MacLeod, 1999) . That approach implies the identification of semilandmarks: points located on a curve and allowed to slip a small distance with respect to another corresponding curve (Dryden and Mardia, 1999) . Another approach is to divide the outline into segments which are delimited by pseudo-landmarks. Pseudo-landmarks are operationally equivalent along different outlines and can be matched using Procustes analysis (O'Higgins, 1997) . So, we have defined pseudo-landmarks in our ostracode outlines using the following procedure. First, ostracode outlines are reconstructed using the Elliptic Fourier coefficients so that they are standardize for size, orientation and starting point. That implies that reconstructed outlines are oriented in such a way that the first point is aligned with the major axis of the ellipse defined by the first harmonic. That first point is considered a topological homologous point and used subsequently to define pseudolandmarks either producing equiangular located or equally spaced points. However, and because different parts of the outline are differently curved, resolution level might not hold constant along the contour. MacLeod (1999) suggests an iterative procedure to solve this problem: first, the outline is split in sections defined by actual landmarks and then a descriptor of the complexity of the curve (e.g., its length) is used to compare between sections reconstructed at different resolution levels and the original outline. The aim is to define the number of points that represent each section of the curve to the same tolerance level (e.g., 90%, 95%, 99%). In this way it is possible to achieve similar resolutions for the various sections of the outline.
Nonmarine ostracode valves do not normally bear structures in their margin to allow for the description of objectively recognizable sections, as described in the procedure above. Instead we divide the valve outline into 4 quadrats which correspond to those defined by the major and minor axes of the ellipse described by the first harmonic in the Elliptic Fourier analysis. Then we compare each segment length computed for different resolution levels (i.e. number of equi-angular located along the section) with length in the original outline. Because ostracod outlines are so simple, 10-points per quadrat assures that the original outline will be represented to the specified (99%) tolerance level in all sections. Indeed, and because the ventral parts are slightly more convoluted than the dorsal ones, the latter reach the tolerance level with less points than the former. Nevertheless, for the number selected (40 pseudolandmarks in total, 10 per section) differences in tolerance levels between them do not exceed 0.5% of the length in the original outline. Therefore, in subsequent analysis, forty points were selected at equal angles from the centroid of the form along its outline. Generalized Resistant-Fit Procrustes Analysis (GRF) was performed on those sets of pseudolandmarks Gower, 1975; Rohlf and Slice, 1990 ). This approach is based on a nonparametric approach and it is preferred when main differences between objects are located in a few (pseudo-)landmarks instead of being equally distributed among them all, as the least-squares procedure assumes (Chapman, 1990; Rohlf and Slice, 1990) .
OSTRACODE SHAPE CUED BY ECOLOGICAL VARIABLES
The aim of this paper is to introduce to the applied ostracodologist some morphometric methods which might be useful for the identification of correlated changes in shape and the environment. We present here three case studies which, at different levels, analyses shape relationships between groups of organisms that were raised under different environmental conditions. The first one explores morphological disparity within a genetically invariant group of ostracodes (clonal level). The second case study examines shape variability in several populations of a widely distributed ostracode species (intraspecific level). In those two cases shape is treated as a group-feature not as an individual feature, so that emphasis is made in shape as a statistical FIGURE 7-Shape relationships between groups of ostracodes (Heterocypris barbara) belonging to a single clone. Each point represents a different set of environmental conditions. The plot results from a metric Multidimensional Scaling (MDS) performed on the matrix of Euclidean distances between mean-shapes within the morphospace defined by a PCA. Black dots = ostracodes raised at high water temperature (20ºC); white dots = ostracodes raised at low water temperature (10ºC).
property of the group. A third case study will exemplify how differences in morphological diversity reflect the environmental changes experienced by ostracode assemblages. Our intention is to point out that morphologic diversity can in some cases be useful as a surrogate for the taxonomic diversity of assemblages, especially when the taxonomic identification of the material is problematic. Hence the usage of morphometric tools for ecological studies becomes an advantage.
Preliminary analysis of cases 1 and 2 has been published elsewhere (Baltanás and Geiger, 1998; Alcorlo et al., 1999) ; however, all data have been purposely enlarged, reanalyzed and discussed within the framework of this paper.
Case study 1 (Variability within a clone).-Parthenogenetic females of the species Heterocypris barbara (Gauthier and Brehm) were collected from Retamar, a shallow temporary saline lake in Central Spain. A clone was established from a single female isolated from a stock culture kept in the lab for more than a year. Newborns (F1) from this female were grown in separate wells of tissue culture plates in eight different environments. Experimental environments result from the combination of three factors with two levels each: temperature, high (20 ºC) and low (10 ºC); photoperiod, long (16 hd -1 ) and short (8 hd -1 ) and conductivity, high (20 mS·cm -1 ) and low (5.96 mS·cm -1 ). Those values are within the range experienced by the organisms in their natural habitat. Levels for each set of conditions were kept constant throughout the experiment. Original lake water was used in all cultures. Twenty-four newly hatched ostracodes (F2) from each of the eight sets of F1-females were themselves isolated and raised under the same conditions, so that offspring environment and maternal environment remained unchanged. Experimental plates were checked on a daily basis (except for weekends) to eliminate the faeces, to renew the water and to add food when necessary. Neonates were removed from the plates when detected.
A total of 129 (out of potential 192) adult right valves were retrieved in good condition from the experimental cultures. The remaining 63 valves correspond either to individuals that did not reach adulthood or to valves damaged when manipulated. Elliptic Fourier analysis (20 harmonics) was performed on recorded individual outlines (no less than 500 points were used for each outline).
Fourier coefficients thus obtained are shape descriptors that could be used for estimating shape change between individuals under contrasting environmental conditions. Our interest, however, is not on individual differences, which includes both environmentally cued variability and random effects, but on attributes at the group-level. So, in order to remove individual variability, mean shapes were estimated for each experimental group and ordered via Principal Component Analysis (PCA) performed on the full set of Fourier coefficients to obtain a multidimensional orthogonal empirical morphospace. Relationships between the mean-shape estimates within the periphery EFA morphospace were summarized using multidimensional scaling (Fig. 7) . Differences in shape between groups raised under different experimental temperatures are eloquently displayed. In addition, the influence of salinity in adult valve shape is also revealed, although that effect seems to be restricted to ostracodes grown at low temperatures (Fig. 7) . Size, a trait known to be highly influenced by temperature, was removed from the analysis but is here integrated through proportionally scaling points in the plot according their mean centroid size (Fig. 7) .
Finally, a procrustean analysis was performed on semilandmarks extracted from the reconstructed outlines of the eight mean-shapes (see methods above). Figure 8 shows the consensus outline and the vectors of differences between that reference shape and all the mean-shapes. Because the differences in shape are so subtle, vector length has been enhanced 3-fold to make it possible to appreciate areas along FIGURE 8-Generalized vector field for eight groups of H. barbara cultured under different environmental conditions. The outline depicted corresponds to the intergroup consensus morphology.
the outline where the larger changes are located. Procrustean distances can be used also to uncover patterns in shape variation. In this case, an MDS performed on that matrix of distances rendered results which are closely similar to those obtained from the analysis explained above (Fig. 7) , and therefore, has not been illustrated.
Case study 2 (Variability between populations occurring in different environments).-A total of 11 populations (both recent and fossil) of Limnocythere inopinata (Baird) were sampled throughout Europe (Austria, Germany and Spain) and in Tibet (P.R. China). Most of the populations studied reproduce by apomictic parthenogenesis except for a recent population in Lake Qinghai (PR China) and a fossil one from the Eemian of Neumarkt-Nord (Germany). From these bisexual populations only females were sampled and their outlines recorded. Only adult right valves (n = 492) have been included in the analysis.
Water bodies where L. inopinata occur differ in alkalinity, degree of mineralization (from freshwater to oligo-mesohaline-TDS (Total Disolved Salts) ≈ < 1-20) and habitat stability, from highly fluctuating ponds (viz. e.g., the fluctuation of temperature, water level, water solutes) to large stable lakes (see Yin, 1997 and Geiger, 1998 ; for environmental information on the fossil sites see Fuhrmann and Pietrzeniuk, 1991) . The procedure applied here mimics that of the clonal lineage of H. barbara. Fourier coefficients obtained for individual outlines were the starting point for computing population mean-shapes which were subsequently subjected to a PCA. Euclidean distances between mean-shapes in the resulting orthogonal multidimensional space were computed and used in Multidimensional Scaling to result in the pattern of Figure 9 . A pattern consistent with environmental features and not with geographical distances appears. Alkaline/saline lakes cluster together defining a gradient which seems to be related to stability: large (more stable) water bodies, like lake Qinghai (China) and Neusiedlersee (Austria), are placed at the left end of the plot whereas the smaller, more fluctuating ones (Oberer Stinkersee, ZPBG-bay; Unterer Stinkersee) are to the right of the plot (Fig. 9) . Noteworthy, ZPBG-Bay, an area in the lake Qinghai which remains isolated from the lake several months each year and which receives a significant freshwater influence by an incoming river, is placed midway between the 'alkaline/saline' and the 'non-alkaline/freshwater' morphotypes. [Note: the terms 'alkaline' and 'nonalkaline' are here used as rough descriptors of lake characteristics which include not only alkalinity itself but other features like salinity, each with a contribution to the overall pattern hard to quantify]. Having selected 40 pseudolandmarks from each mean-shape and having performed a generalized resistant-fit analysis, procrustean distances between specimens result in a pattern so similar to that already described in Figure 9 that we shall not described it again here. Notwithstanding, Figure 10 depicts the vectors associated to each pseudolandmark as descriptors of the local variability between all meanshapes analyzed. Because actual differences are subtle and could not be distinguished by eye in a plot like this, vector lengths have been enlarged 3-times to make visualization feasible.
Case study 3 (Temporal changes of morphological diversity of a profundal Candoninae assemblage in a deep pre-alpine lake).-We use here data from lake Mondsee located in the western part of Austria. Its ostracode fauna is related to paleolimnological changes of the lake which were intensively investigated during the last 20 years by our ostracode research group at the Limnological Institute, in Mondsee (reviews in Danielopol et al., 1985 Danielopol et al., , 1988 Danielopol et al., , 1993 Danielopol and Casale, 1990) .
Mondsee remained in an oligo-mesotrophic state for a very long period of time. During the last 50 years, because of an increased discharge of nutrients, the lake became strongly eutrophied, experiencing anoxia during the summer at depths deeper than 40m. This resulted in the gradual extinction of several ostracode species, such as Cytherissa lacustris Sars, Limnocytherina sanctipatricii (Brady and Robertson), Leucocythere mirabilis Kaufmann or Fabaeformiscandona caudata (Kaufmann). From the end of the 1950s until the early 1960s huge amounts of fine sediment were discharged into the lake and the subsequent high water turbidity decreased algal growth, a process which resulted in the reoligotrophication of the lake. However, this situation did not last for a long time and a new eutrophic phase settled at the bottom of the lake by the end of the 1970s and beginning of the 1980s.
Besides the modifications in the composition of ostracode assemblages that are caused by these ecological events, environmental changes are also expected to affect morphological disparity. Stressful environmental conditions are likely to reduce the number of species in the assemblage (due to differential ecological tolerances) but might also alter the relative abundances of their juvenile stages (differential mortality) and their morphological variability (developmental instability) which may finally result in a less densely occupied morphological space. This is an important issue because whereas a remarkable degree of expertise is required for taxonomic identification of the ostracode species and their juvenile instars, morphological disparity can be evaluated without outstanding taxonomic knowledge on the group. In order to show that we take here as example the diversity of outline shapes of the Candoninae valves that were recovered from a short sediment core (29 cm length and a surface of 20 cm 2 , Fig. 11 ) taken at the site MO-9, in the central part of the upper basin of the Mondsee lake at 47m depth (for exact location of this site see Danielopol et al., 1988 and Danielopol and Casale. 1990 ). The sediment extracted from the core was cut in 1 cm thick slices and further sieved through a sieve with 100 µm mesh. This residue was examined for ostracode valves. The number of valves were further counted and the Candoninae material used for morphometric analysis.
Valve outlines were studied using the B-splines method in the Morphomatica program as described above. The resulting D values, i.e. the average of the squared quadratic distances (δ 2 ) between the n control points of each outline (see previous section), were used for the computation of the mean pairwise distance on each core layer. The same data were also used to perform a metric-MDS in order to summarize shape relationships between valves within the morphological space (Fig. 11) . Size, as usual, has been removed from the analysis by standardizing all outlines to centroid size so that disparity does not include size differences.
The deeper core layer (28cm deep, cf. section I in Fig. 11 ) reflects the oligo-mesotrophic stage of the lake. The one in the middle (12+13 cm deep, cf. section II/III in Fig. 11 ) corresponds to the end of the eutrophic phase when the lake became enriched on fine silty sediment during the '50-'60s (Fig. 11) . Finally, the upper layer (9 cm deep, section III in Fig.  11 ) provides insights in the Candoninae which recolonized the lake bottom during the reoligotrophication phase. Both the abundance of valves recovered from each layer and ostracode species composition change along the temporal sequence (Fig. 11) . Three Candoninae species, Candona neglecta Sars, Candona candida (O. F. Müller) and Fabaeformiscandona lozeki Absolon, with all juvenile stages and the adults, are present in the deepest layer (Fig. 11) . The morphospace is densely occupied (mean pairwise distance = 20.98). The sample from the 12-13 cm layer (eutrophic conditions), however, reflects low abundances and a single species present, C. neglecta. Most of the sub-fossil valves are from juveniles, with very few adults recovered. Disparity is the highest of the three layers (mean pairwise distance = 30.46) indicating a poorly occupied morphological space with an unbalanced representation of the several juvenile instars. Finally, the third sample (9cm deep layer) includes many valves of both adult and juvenile stages belonging to C. neglecta, C. candida and Fabaeformiscandona protzi (Hartwig). Morphospace occupation increases again (mean pairwise distance = 26.18) which might reflect the re-oligotrophication phase with a recolonization of the profundal area of the lake from the more shallow (littoral and/or sublittoral areas).
In conclusion, the occupancy of the morphological space by the Candoninae from these three samples mirrors well the changes of the benthic environmental situation at this site suggesting that morphologic diversity of ostracode assemblages can be used for the characterization of environmental changes, especially in those cases were the taxonomic identification is problematic. 
DISCUSSION: BUILDING ON THE SCIENTIFIC LEGACY OF RICHARD H. BENSON
The use of the morphological information included in the carapace shape of nonmarine ostracodes builds upon the scientific arguments of the late Richard H. Benson. It is timely then to review some of those arguments here and to honor the outstanding contribution of this scientist to the development of the modern ostracodology.
Outline analysis of carapace shape using objective quantitative methods.-In a first attempt to describe carapace outlines and muscle-scar patterns of nonmarine ostracodes, Benson proposed a method he called Theta-Rho Analysis (Benson, 1967) . The method provides a quantitative description of the geometric location of selected points along the carapace outline, thus making it possible to assess differences in shape between organisms. Those comparisons were initially performed using a leastsquares fit approach (LSTRA) (Sneath, 1967; Benson, 1976a ) that was later improved through the development of a resistant-fit approach (RFTRA) . Having assumed that, in an evolving population, a configuration of homologous points on the ostracode carapace and, implicitly, the carapace shape itself, would change at a slow rate compared to those traits that are ecophenotypically controlled, Benson explored evolutionary changes within groups of related ostracode species (Benson 1976a (Benson , 1982b (Benson , 1983 and how the history of the ocean floor could be inferred through the correlation between shape patterns and the characteristics of the localities where the organisms occur (Benson, 1976b (Benson, , 1976c (Benson, , 1979 . While Benson's interest moved to a more theoretical description of the ostracode valves, he remained interested in the information one can extract from outlines using the methods described here (pers. com. to D.L.D.). In his last message sent to one of us (D.L.D., 24/01/2003) Benson wrote: "I don't care which method is used to demonstrate non-uniform deformation, but its relation to structural opportunism is important, if not the key for the demonstration of convergent adaptation". The data presented here are but sketchy illustrations of the many possibilities of morphometric methods for the description of morphological differences which further can be related to environmental causes.
Applied ostracode studies should be based on firm theoretical concepts. . -Benson started from theoretical premises about shape, form and structure (Benson, 1982a) . He considered that outline shape is the visual impression of the relative proportions of distances between various points on the contour of the object, while form is the abstract (mathematical) representation of the shape. This difference is important in the present context because the quantitative morphometric methods we use now, as here documented, allow us effectively to advance over the fuzzy characterization of carapace shapes, dominated since a very long time by an inadequate language. Formulations like "rather elongate", "widely rounded" valves do not convey much information. The possibility to relate shape changes to localized areas in the outline using, in the case of the B-splines, the magnitude of the vectors of differences for the various control points allow a better recognition of ostracode taxa or particular morphotypes. Hence we foreseen that the more widely usage of morphometric tools will be helpful in the future not only for taxonomic identification of ostracodes but also for ecological and paleoecological projects.
Environmental cued changes of carapace shape are better understood within a holistic approach.-When applied to ostracode valves Benson saw in the concept of structure "the description of the physical reactions that preserves a given form in some substance because of its material properties" (Benson, 1982a). Hence the morphological changes in ostracode valves have to be viewed as structural deformations which imply changes in shape (quantified as form) but also changes of structural elements of the valves. As a deeper origin of these changes Benson (1983) suggested, that we should understand the cellular activity of the cells within the membranous layer of the carapace as one of the deeper sites which are responsible for the shape origination. In fact the production of calcite crystals by these cells, once inserted in the chitin's elastic framework of the valves stabilizes the structure of the carapace, contributing in this way to a definite peculiarity of its shape.
Benson, when studying deep-sea ostracodes showed that changes in valve shape, identified through measurements of outline forms or from the change in the position of landmarks, are cued by both inner (organismic) and outer (environmental) causes (Benson, 1982c (Benson, , 1983 (Benson, , 1984 . The morphological change in one part of the valves reverberates within the whole valve complex (Benson, 1981) . This is a typical holistic view that was expressed in a metaphoric way by Benson as a chess game on an elastic landscape (Fig. 12) . Changes in the carapace shape, either during post-embryonic development or through evolutionary time, occur in such degree and/ or magnitude that allow the continuity of the ostracode existence as phylogenetic lineages (Benson, 1981) . This presentation provides evidence that it is possible to relate or, at least, to hypothesize that the variation in morphology of ostracode carapace and/or in the morphological diversity of carapace shapes is partly a reflection of environmental causes. As such the use of ostracodes in environmental research should become more popular.
The problem of the form-function of the ostracode carapace.-One of the important ideas of Benson is that much of the ostracode carapace deformations are adaptive (e.g., Benson, 1982b) . One can check between this "non-uniform deformation" hypothesis and the alternative null hypothesis of a neutral change called by Benson "structural opportunism". Benson (1982a) , using the "two dimensional organism" model of Waddington (1968) , considers that the triangular carapace shape achieves a much higher strength than the widely bend shapes. The convergent development of carapaces with "triangular" shape within several phylogenetic lineages of Candoninae and the higher percentage of species with such a carapace shape within the interstitially dwelling Candoninae, which live in oligotrophic habitats, as compared to the benthic epigean now living taxa (Danielopol, 1980) suggest that this carapace shape is the result of an adaptive evolution.
Final remarks.-Morphometric methods, as those here described, appear useful not only for the sake of morphological characterization of various taxa or morphotypes but also for the identification of ecological variables which have an impact on the environment experienced by the ostracodes. Therefore we expect for the near future an increase of interest for morphometrics in the ostracode research, especially of the nonmarine ones. This is in line with the scientific legacy of R. H. Benson. The program (Brauneis, 2003 ) is a software application running under Microsoft Windows (98, NT 4.0, 2000, XP) which enables the user to apply the above described method to digitized ostracode outlines. The design of the program is based on experiences made during a bachelor project at the University of Salzburg (Bayer et al., 2002) , where a corresponding Mathematica program has been developed. The package also includes a simple installation procedure and a concise user manual.
Morphomatica provides all features which are necessary for an easy analysis of ostracode outlines by Bsplines. The input data may have the tps file format (Rohlf, 2001) or MorphoSys (Meacham and Duncan, 1993) output file format, and they can be rendered graphically. The main task of the program is the computation and graphical representation of B-spline approximations of given outlines. The number of control points as well as the number of iterations for improving the parameter values (cf. mathematical details concerning the B-splines) can be chosen freely. The output file shows the digitized outline and the approximated one (Fig. 3) It displays also the mean and the maximal errors of the fitted lines; additionally it locates graphically the areas of maximal deviation between the given and the computed outline.
For comparison of several ostracode items the outlines can be combined in a cluster and approximated simultaneously (Figs. 4) . The data may be analyzed using the shape and the size or may be represented after the data were normalized as explained above. Either the mean outline of the cluster or one particular outline may be chosen as a reference. With respect to this, the difference vectors ("delta vectors") of the control points are calculated and displayed graphically and numerically in a special table.
There are several parameters and options controlling the rendering and approximation of the outlines. To emulate or reproduce morphological transformations, a facility for manual adjustment of the control points is provided. The computed data are saved in a special Morphomatica file format. They can be exported in form of a spread sheet, which makes it possible to display and/or treat the results with other computer programs e.g. with Microsoft Excel.
The user interface consists of a main application window which is partitioned into two adjoining areas, and several dialog objects which are displayed when additional input is required or parameters are to be manipulated. In the left part of the main window the file names of the imported ostracode outlines and the associated approximations and clusters are displayed in the style of a directory tree. In this tree, the user can select the file he intends to work on. The contents of the right part of the window depend on the selected entry in the tree. If an imported ostracode outline was selected, this area displays the outline and a possibly calculated approximation. If alternatively a cluster was selected, then the approximations of all outlines of the cluster, the associated delta vectors, and the optional mean outline are displayed.
During the implementation, emphasis was laid on a simple and intuitive design of the user interface, based on the Microsoft MFC framework (Kain and Wingo, 1998; Prossie, 1999) . The program is written in object oriented C++. The design resulted in approximately 60 classes derived from the inherent structure of the problem. The singular value decomposition of the system matrix (cf. mathematical details concerning the Bsplines) is done by the corresponding program of Numerical Recipes (Press et al., 2002) . The internal file format is based on XML (World Wide Web Consortium, 2000) to allow other applications a straightforward access.
A beta version of Morphomatica, 1.3 (Brauneis, 2003) can be sent at request by one of us (D.L.D.). The program will be also available on the web-site of the Limnological Institute of the Austrian Academy of Sciences (http://www.oeaw.ac.at/limno/download.htm). For additional information see also the D.L.D.'s home-page.
